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ABSTRACT

Lean burn after treatment systems using NOyx traps for
reducing emissions from diesel exhausts require periodic
regeneration after each storage stage. Optimising these
events is a challenging problem and a model capable of
simulating these processes would be highly desirable.
This study describes an experimental investigation,
which has been designed for the purpose of validating a
NOy trapping and regenerating model. A commercial
computational fluid dynamics (CFD) package is used, to
model NOy trapping and regeneration, using the porous
medium approach. This approach has proved
successful for three way catalysis modelling. To validate
the model a one-dimensional NOx trap system has been
tested on a turbocharged, EGR cooled, direct injection
diesel engine controlled with an engine management
system via DSPACE. Fast response emission analysers
have been used to provide high resolution data across
the after-treatment system for model validation.
Measurements show CO is the primary reductant. After
the trap NO and NO, spikes (NOy slippage) were
observed both at the beginning and end of the
regeneration period. The former is believed to be due to
insufficient reductant. Whilst the model can qualitatively
describe the main storage and regeneration phases it
failed to predict NOy slippage.

INTRODUCTION

In the UK, there has been a steady increase in the
registration of diesel-powered vehicles, either for private
or light goods categories [1]. It has been estimated that
the number of registered diesel vehicles in 2004 has
almost trebled from 1994, and 2004 saw an increase of
over 2 million diesel-powered vehicles from 2001. Petrol-
powered vehicles only increased by around 300,000
units for the same period. Details of the diesel-powered
vehicles registered in UK, from the year 2001 until 2004,
are shown in Table 1.

Analysers for Model Validation

A. J. Alimin, C. A. Roberts and S. F. Benjamin
Coventry University

Table 1: Diesel-powered motor vehicles currently
licensed: 2001 — 2004 [2]

Year Diesel-powered vehicles
body type cars
(Thousands)
2001 3,459.5
2002 3,912.4
2003 4,399.6
2004 5,010.6

Diesel engines operate under lean conditions and
reduction of NOx to N, is difficult due to the presence of
excess O, in the exhaust stream [3]. Typically lambda is
within 1.5-1.8 on full load and increases as the load
reduces, with NOyx generation related to the fuelling rate
and engine load [4]. In general, ways of reducing NOx
emissions are categorised into three main groups [5]:

. Development of systems to improve fuel mixture
and combustion

. Use of alternative fuels or conventional fuels with
additives

. Development and installation of new post-
combustion treatment devices

NOy traps are currently under development for treating
NOyx emissions, as they have certain advantages over
other diesel after-treatment devices, although they are
sulphur sensitive [6, 7]. Periodic regeneration of the NOy
trap under all driving condition is essential since the trap
has a finite trapping capability. Regeneration also
prolongs the durability of the trap [8].

NOyx traps work by storing NOyx emissions while the
engine operates under lean conditions and are
regenerated during a rich operating phase. This rapid
switching between lean and rich conditions is challenging
as far as engine management control and combustion
processes are concerned. Fuel injection timing, throttling
and the dilution rate of the EGR also influence the
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storage and regeneration process. The ratio between
lean and rich period is also influential and typical ranges
are between 50-60s lean followed by 1-4s operation
under rich conditions [9, 10]

An effective NOx trap system demands optimisation of
key engine operating parameters as part of the reduction
process as insufficient reductants in the rich pulse will
not completely reduce NOy levels. Integrated control of
exhaust gas recirculation (EGR) and turbocharging has
been shown to result in a substantial reduction of NOy
emissions [11]. It has been reported that best desorption
and reduction of NOyx is when the equivalence ratio,
®=1.15 (A=0.870) when higher CO levels give shorter
desorption times [12]. An addition of a diesel oxidation
catalyst (DOC) prior to the trap will improve lean NOy
trap (LNT) performance, but will also give rise to an
increase in fuel consumption (0.5%). The rich pulsing
frequency and duration needs to vary with the operating
conditions.

LNT technology is suitable for medium and heavy weight
vehicles with flexible injection systems and could also be
used together with diesel particulate filters (DPF), to
achieve simultaneous reduction of both NOyx and PM
emissions, where the LNT is usually placed after the
DOC but before the DPF system. Furthermore, based
on the general overview and expected emission control
technologies that will be implemented in the coming
years [13], it is expected that LNT will play an important
part in curbing NOyx emissions, especially for the
application in light-duty vehicles.

The current challenges facing the application of LNT
catalysts are their lack of sulphur tolerance and the
difficulty in achieving rich conditions. It has been claimed
that the cost of NOy trap systems for diesel after-
treatment is much higher than other NOy reduction
systems such as selective catalytic reduction (SCR) [14]
and so optimum design is critical. To this end a NOy trap
model is being developed and is to be validated against
data obtained from a 1-D after-treatment system. The
model and measurement programme are described in
the following sections.

NOx STORAGE AND REDUCTION

LNT catalysts are typically composed of a Pt-group
metal, which plays an important role in the red-ox
process and a basic adsorbent or base-metal-oxide
(BMO) that is responsible for providing the storage
capacity. This BMO can be an oxide or carbonate of
alkali and alkaline earth elements. Typical BMOs are
barium oxide (BaO) and barium carbonate (BaCQOs). The
chemical reactions that occur on the LNT catalyst are
very complex and involve the reaction of acidic gas
(NO,) with the BMO to form nitrate or nitroso-species on
the surface of the catalyst, desorption of NOx during
purging and reduction with CO [3, 6, 15, 16, 17].

BASIS OF NOx TRAP KINETIC MODELLING IN
CFD

A simple chemical kinetic scheme has been described
by Laurent et al. [17] to model NOx storage. These
authors discuss the initial formation of O*, NO* and NOx*
where the * symbol indicates either that the radical is
available on a Pt catalyst site or that a site is vacant.
These very fast reactions are, however, not rate-
determining for the functioning of the lean NOy trap so
the set of four reactions that describes NOy storage
under lean conditions is as below:

Rate R1 - NO oxidation under lean conditions
NO* + O* - NOx* +*
Rate R2 - The reverse reaction
NO2* + * - NO* + O*
Rate R3 - NOy trapping under lean conditions
BaO + 2NO,* + O* — Ba(NO3), + 3*

Rate R4 - Nitrate dissociation at high temperature

Ba(NOs)2 — BaO + 2NO + 1.50,

The rates (mol/kg catalyst/s) for these reactions are
given by Laurent et al. [17]. A full set of numerical values
for rate constants is also available.

The porous medium or equivalent continuum approach is
used in the CFD model described here. The CFD code
STAR-CD was used for this study. The methodology is
discussed elsewhere [18]. The 1D mesh is shown in
Figure 1. The two separate smaller cell blocks model
the bulk properties of the solid catalyst bricks for heat
transfer from gas to wall and axial conduction in the
substrate.
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Figure 1: 1D mesh for NOx trap model showing fluid cell block with two
porous medium sections that correspond to the separate solid cell
blocks. Flow is in the +z direction. The shorter first brick is the DOC
and the longer second brick is the NOx trap.

The modelling methodology requires that both the gas
phase and solid phase species concentrations are
properties of the porous fluid cells, since only the heat
conduction equation with heat transfer source term is
solved for the solid cells. The resistance of the porous
medium to flow is described by the expression

AP
- = —aW — W (1)

where the permeability coefficient values o and B are
temperature dependent. Upstream and downstream of
the monolith the flow field is solved using the usual
Reynolds averaged Navier Stokes methodology.

The solutions for both the solid phase and gas phase
concentrations are obtained from the general
conservation equation for chemical species, the transport
equation, for which the 1D version is shown below.

IpC  I(pWC) _ o 4 oD 9C 1 Sourc kzg
ot aZ aZ o, aZ m%

This equation has a transient term, a convective term, a
diffusion flux term and a source term. The diffusion flux
term applies within the fluid but the source term replaces
it in the porous medium. An appropriate mass transfer
coefficient from the thin film approximation is used to
calculate the source term.

For the gas phase species in the porous medium, where
the diffusion flux term is suppressed, the transport
equation in 1D is written as equation (2) below.

a lpairWsCig J aCt
aZ + gpair at

“==K,.PuA [Cig B Cif”’]
(@)

Note that Wy is the superficial velocity for the porous
medium such that p, W, =gp, . W

For the solid phase species in the porous medium, the
equation to be solved is

oC

air N, ]+ MRl (3)
at isol

Vvp =K, p..Ay [Cig -C

isol

(kg/m°reactor/s)
where V,, indicates the fraction of the reactor volume
available in the solid phase. Equation (3) has only
transient and source terms; the other transport equation
terms are suppressed within the CFD code.

The source terms for chemical species can be calculated
using the expressions below within the CFD model.

Rate of NO reaction (kg NO /s /m® reactor) =

0.030

£p.(R1— R2+2R4) (4)

Rate of NO, reaction (kg NO, /s /m® reactor) =

%%spc (R1— R2—2R3) (5)

Rate of O, reaction (kg O, /s /m® reactor) =

—0'832 &p,(0.5R2—0.5R1—0.5R3+1.5R4) (6)

w

The net rate of nitrate production is given below and the
CFD solves equation (7) only for f, the value of the
fraction.

0
W nitr ref a—i:R3—R4 (7)

The Laurent et al. scheme [17] is applied during the lean
storage phases of the experiment. During regeneration,
the storage scheme is switched off, the nitrate
disintegrates and NOy is released. This is triggered by
the local CO level in the model. The NOy is consumed in
the model by, for example, the reaction with CO using
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the kinetics of Siemund et al. [19] or by other appropriate
reactions for which kinetics are available.

The reactions that occur in the first brick, the diesel
oxidation catalyst (DOC), are oxidation of CO and
hydrocarbons (HC) as occur in a 3-way catalyst, plus
oxidation of NO to NO,. These reactions are modelled in
the porous medium cells that represent the DOC using
the kinetic rate expressions identified by Triana et al.
[20].

EXPERIMENTAL LAYOUT

For the experimental studies a 4-cylinder diesel engine
was used equipped with a common rail injection system,
EGR, VGT and an intake throttle body. The engine
management system (ECU and ICU) and the throttle
body are connected to the DSPACE control tool to
enable the generation of the periodic rich combustion.
Besides that, the engine management system is also
connected to a GREDI system that is used as the
calibration tool for the engine. Throughout the tests the
engine used a very low sulphur diesel fuel, Carcal 55,
Swedish Class Diesel, supplied by Petrochem. The
engine specification is given in Table 2.

Table 2: Specification of the test engine

Items Description

Engine capacity 1998 cc
(86 mm bore, 86 mm stroke)

Rated power output | 96 KW at 3800 rpm

Rated torque 330 N-m at 1800 rpm

The idealised after-treatment system was designed for
model validation. It is a 1D system, which was
developed in order to simplify model development. The
turbo outlet of the engine is linked to a lean burn test rig
that consists of a long diffuser followed by a flow
straightener upstream of a DOC and an LNT. This
ensures that the flow is approximately one-dimensional
as in enters the DOC. The DOC uses Pt as the main
catalytic compound whilst the LNT uses Pt and Rh as the
reduction compounds. Figure 2 shows the layout for the
experimental set-up and the details of the lean burn rig
are illustrated in Figure 3.

GREDI
DSPACE
Intake
Intercooler | throttle

Lambda
sensor

ICU

Temperature
sensors

Figure 2: Schematic of the system set-up

Emissions sampling ports

Exhaust
flow

Flow f LNT ?

straightener Diameter = 143.76 mm
Length = 152.4 mm
Cell density = 400 cpsi
DoC

Diameter = 143.76 mm
Length = 76.2 mm
Cell density = 400 cpsi

Figure 3: Details of the Lean Burn Rig

The control algorithm set-up within the DSPACE system
allows the control on the intake throttle body, EGR, VGT,
as well as the injection quantities and timings for each of
the Pilot, Main and Post injections. Besides that, it is
also capable of producing different cyclic regeneration
sets (alternating lean and rich operations), although it
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only operates in open-loop. Cambustion fast response
analysers are used to sample and analyse the exhaust
emissions during storage and regeneration, with
response time of less than 10 milliseconds. Data is
logged at 60ms intervals. An HFR500 Fast FID (Flame
lonisation Detector) is used for sampling the HC
emissions, an NDIR500 (Non-Dispersive Infra-Red)
analyser is used for sampling the CO and CO2 and a
CLD500 (Chemiluminescence) analyser is used to
measure NO and total NOx. The sampling probe without
a NOy converter is used to measure NO and with the
converter to measure total NOy, thus allowing for
measurement of NO,. Wide band lambda sensors were
used to record air-fuel ratio.

The experiment was conducted under steady-state
conditions, at an engine speed of 1500 rpm and a torque
setting of 48 N-m. Emissions were sampled after the
engine temperature and the catalyst bed temperatures
had approximately stabilised. @ Temperatures were
measured in front, within and after the DOC, inside the
LNT and after the LNT. Three separate emission
sampling positions were chosen: inlet (before the DOC),
gap (between DOC and LNT) and exit (after the LNT).
For the purpose of this study, the lean and rich durations
were set at 60 seconds and 3 seconds respectively.

PERFORMANCE OF THE LNT DURING
STORAGE AND REGENERATION EVENTS

Figure 4 shows a series of NOy storage and purging
cycles, which are repetitive and indicate the capability of
the LNT system to reduce NOyx emissions. The
regeneration events are indicated by the changes in the
lambda values. Two NOy spikes are generated at the
beginning and end of purging and these are discussed
later. Immediately after purging, NOyx emissions
increased steadily before starting to stabilise after around
20 seconds, as the trap fills. As the total NOy level in the
gap in Figure 4 is less than the total NOyx at the inlet,
reactions in the DOC could be generating NO.

[—NOX in —NOX gap — NOX exit]

Lambda

NOx (ppm)

1200
Lambda Y \
0 P 1000
1 NOX exit
L 800
1 NOX in 600
7m M o L. 400
il 200
L NOX gap
1 0

40 80 100 120
Time (secs)

Figure 4: LNT storage and regeneration cycles (peaks NOx at exit
truncated)

Figure 5 shows the LNT efficiency, which is defined as
below:

(NO X )engine _out (NO X )downstream _LNT

Efficiency =100 x
(VO )

engine _ out

The plot shows that as the storage period increases the
efficiency drops as the trap fills up. Hence to maintain
the LNT at high conversion efficiency, it is necessary to
shorten the storage period and increase the purging
frequency, or increase the purge duration. This LNT
system operates with maximum efficiency of only around
65-70% and this implies that the implemented
regeneration strategy can be improved further. The
negative efficiencies are due to the NOy spikes.

‘ —Lambda — Efficiency %

2 Lambda STORAGE |
3 REGENERATION

E 1 U

g il

40 60 80 100 120
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Figure 5: LNT efficiency

The individual plots for NO, NO, CO and HC during
storage and regeneration are shown respectively in
figures 6, 7, 8 and 9. The plots for NO, NO,, CO and HC
during regeneration for the sampling period 122 to 127
seconds, are depicted in figures 10, 11, 12 and 13. The
plots from the temperature sensors placed at the inlet
(before DOC), inside DOC and inside the LNT are shown
in Figure 14.

‘—NO in —NOgap — NO exit‘

1200

(11
el
€ o1 Lambda VY A 1
S r + 1000
’ NO in NO exit T 800 =
4 Q.
4 Qo
NO gap ] 600 c
E - NG
1_.4.-..-‘——“ I‘ - ,i L 200
F ; : ‘ ‘ 0
40 60 80 100 120 140
Time (secs)

Figure 6: NO emissions during storage and regeneration (peaks NO at
exit truncated)
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Figure 7: NO2 emissions during storage and regeneration
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Figure 8: CO emissions during storage and regeneration
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Figure 9: HC emissions during storage and regeneration
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Figure 12: CO emissions during regeneration
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Figure 14: Exhaust and catalysts bed temperatures during storage and
regeneration

Figures 10 and 11 show that during regeneration (LNT
purging), there are two very distinctive NOy spikes
observed after the LNT (NOy slippage). The first NOx
release event occurs immediately into the regeneration
stage (switching from the lean to rich) and the second
event occurs at the end of the regeneration stage
(switching from rich to lean). These spikes consist
mainly of NO, rather than the NO, and are consistent
throughout the storage and regeneration processes. The
first spike peaked at 1835 ppm of NO and 245 ppm of
NO,, while the second spike peaked at 913 ppm of NO
and 165 ppm of NOs,.

In Figure 10, the NO peak at the start and end of the
regeneration originates in the NOy trap. In Figure 11, the
NO, peak at the end of the regeneration originates from
the DOC and is inadequately stored by the trap during
the changeover from rich to lean conditions.

Previous studies have also identified the presence of
NOx slip during regeneration [10, 21]. However, the NOy
spikes detected in this study during the rich duration are
more well-defined. The study from Li et al. [10] shows
NOx slip only as a single peak. In the current study, the

use of fast response analysers has made it possible to
detect the occurrence of two distinct NOy spikes.

Li et al. [10] suggested that the occurrence of NOx slip
could be due to any of or a combination of factors: the
long trapping duration, insufficient rich duration, the
lambda value at LNT inlet being greater than 1, the LNT
nearing its saturation point or the LNT bed temperature
being either too high or too low. NOy spikes observed in
this study are probably due to insufficient reductant, as
low CO levels are observed downstream of the LNT
during the time when the first NOy spike is observed.

For the HC emissions, lower levels are observed after
the DOC and after the LNT, although they are not
significantly different (Figure 9 & 13). Lower HC levels
after the DOC are mainly due to the oxidation process
inside the DOC.

CO emissions are much lower after the LNT than after
the DOC as illustrated in Figure 12. Loss of CO
emissions after the LNT indicates that the CO acts as
the main or primary reductant for the purged NOx. This
is comparable to the findings from the study by West et
al. [22].

MODELLING OF LNT DURING STORAGE AND
REGENERATION

The CFD model described in this paper is very simple
but it has numerous opportunities for tuning, and those
that particularly affect the storage of NOyx and control the
trap regeneration are:

The rate of NO to NO, conversion in DOC

The amount of catalyst on the NOy trap, p.

The rate of NOy storage

The rate of disintegration of Ba(NOs3),

The rate of consumption by CO of NO released

Experimental data (Figs. 12 and 13) does suggest that
CO is the main reducing agent and that hydrocarbon
plays a smaller part in consumption of released NO, so
the present model should describe the real situation by
considering only consumption by CO.

Figures 15 and 16 below show predicted NO and NO,
levels during storage and one regeneration event. The
emission levels are predicted approximately correctly
during storage, but during regeneration, consumption of
the released NO by CO is complete and an NO spike is
seen neither at the start nor the end of the regeneration.

Figure 17 shows the nitrate level predicted by the model
and illustrates the storage and regeneration processes.
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The NO spike at the start of regeneration (Fig. 10) can
be displayed by the model, if the nitrate disintegration is
triggered prior to the local rise in CO level. In reality, the
regeneration must be triggered by the local change of the
concentrations of chemical species within the NOy trap.
Since the O, level falls and the HC and CO levels rise
simultaneously in the trap, it is difficult to envisage a
mechanism that could trip the early release of NO to
peak before sufficient CO is available.
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Figure 15: Predicted NO levels
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Figure 16: Predicted NO; levels

0.008
g B
«© >
=2
<58 0004
o= o
3
e E
«©
0 ; :
60 100 140

Time (s)

Figure 17: Predicted amount of nitrate at the mid point of the NOx trap

The experimental data suggest that the initial rate of
release of NO at the start of the regeneration is so fast
that the available CO cannot consume it, but it has not
yet been possible to reproduce this scenario with the
present CFD model.

An advantage of the present model is its simplicity, and
consequent low computational demand. It runs for about
80 seconds of real time in around 40 minutes on a single
processor of an Itanium 2 under HP-UX.

Adding further reactions to the chemical scheme, for
example a reaction of Ba(NOs3), with CO to release NO,
at regeneration and a reaction between CO and NO, to
consume any NOyx released as NO, would add
computational time without necessarily resolving the
present problem that the NO slippage is not predicted.

CONCLUSION

In this study, a commercial CFD package is used to
model the NOy trap storage and regeneration, using the
porous medium approach. Predictions are compared
with measurements made with fast response emission
analysers.

Experimental results show that CO acts as the primary
reductant during the regeneration process. NOx slip
occurs as two events, at the beginning and end of
regeneration and is dominated by the emissions of NO.
The reason for the major NOy slippage peak is due to
insufficient reductant. The reasons for the second NOy
peak at the end of regeneration are unclear. An effective
regeneration strategy is essential to deal with the NOy

slippage.

The model is shown to qualitatively describe the main
storage and regeneration events but fails to predict NOx
slip. This is the subject of on-going research.
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M

DEFINITIONS AND NOMENCLATURE p
DOC Diesel Oxidation Catalyst Pe
LNT Lean NOy Trap s
ECU Engine Control Unit )
ICU Injection Control Unit W nitr ref
EGR Exhaust Gas Re-circulation
VGT Variable Geometry Turbine
A, Reactor surface per unit reactor volume

(m%m?)
C Mass fraction
Cig Species i mass fraction in the gas phase
Cisol Species i mass fraction in the solid phase
D Species diffusivity (m?/s)
f Factor, fraction < 1
K Mass transfer coefficient (m/s)
L Substrate length (m)
M [kg /mol] for species i
AP Pressure drop (Pa)
R net rate of production of species i by

reactions (mol /s /m® reactor)
Rn Reaction rate for equation n
t Time (s)
T Temperature (K)
Vu Volume in solid phase gpore volume) per

unit volume of reactor [m /m?® reactor]
W Velocity in the axial direction (m/s)
Wi Superficial velocity, eW (m/s)
z Axial coordinate
e Porosity of the substrate expressed as a

volume fraction
A Lambda ratio
(0} Equivalence ratio

10

Turbulent dynamic viscosity (kg/(m s))
Density (kg/m3)

Catalyst loading (kg cat /m® reactor)
Turbulent Schmidt No.

Reference amount of Barium Nitrate (mol
of nitrate/ kg cat.)
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